Objectives-Although qualitative alteration of the subsynovial connective tissue in the carpal tunnel is considered to be one of the most important factors in the pathophysiologic mechanisms of carpal tunnel syndrome (CTS), little information is available about the microcirculation in the subsynovial connective tissue in patients with CTS. The aims of this study were to use contrast-enhanced ultrasonography (US) to evaluate blood flow in the subsynovial connective tissue proximal to the carpal tunnel in patients with CTS before and after carpal tunnel release.
disturbance in the median nerve. 3, 4 Some studies have reported that the histopathologic changes in the subsynovial connective tissue in patients with CTS included noninflammatory fibrosis and thickening, 3, 5 whereas others showed thickening of the subsynovial connective tissue in patients with CTS using magnetic resonance imaging and ultrasonography (US). 6, 7 Although alteration of the microcirculation in the subsynovial connective tissue is considered to be very important in the pathophysiologic mechanisms of CTS, it has been difficult to obtain detailed information about the blood flow in the subsynovial connective tissue in patients with CTS because of the lack of an evaluation method.
The improvement in the image resolution of US obtained by using microbubble-based contrast agents has made it possible to obtain high-resolution images even of low-volume, slow blood flow in connective tissue. [8] [9] [10] A recent study showed that contrast-enhanced ultrasonography (CEUS) had high reproducibility for evaluation of intraneural blood flow in the median nerve proximal to the carpal tunnel. 11 Another study using CEUS revealed that the intraneural blood flow in patients with of CTS was significantly higher than that in asymptomatic volunteers. 12 We hypothesized that the blood flow within the subsynovial connective tissue would differ between healthy persons and patients with CTS, and in addition, that there would be differences between the microcirculation in the subsynovial connective tissue before and after carpal tunnel release. In this study, we used CEUS to evaluate blood flow in the subsynovial connective tissue proximal to the carpal tunnel in patients with CTS before and after carpal tunnel release and analyzed the relationships between the clinical data and vascular patterns.
Materials and Methods

Study Participants
All participants consented to participate in the study, which was approved by the Hokkaido University Hospital Ethical Committee. The participants included 10 "young" volunteers, 5 "older" volunteers, and 12 patients with CTS. The 15 volunteers had no symptoms of CTS, negative Phalen test results, and normal motor distal latency of less than 4.5 milliseconds on neurophysiologic testing. The data obtained at US in these healthy volunteers served as a control for analysis of the changes in the patients with CTS.
The diagnosis of CTS in the 12 patients was established on the basis of the patient's history and clinical and electrophysiologic examinations: nocturnal hand pain and paresthesia in the median nerve distribution, a positive Phalen test result, and prolonged motor distal latency (>5 milliseconds). The exclusions were a previous ipsilateral carpal tunnel release, inflammatory disease such as rheumatoid arthritis, other disorders associated with wrist pain, and other peripheral nerve disorders.
In 3 patients with bilateral CTS, the hand with the worse neurophysiologic data was studied. Two patients with diabetes mellitus and 2 patients with tobacco use were not excluded because the patients with diabetes had good control of their hemoglobin A1c level with medication. The smokers were barred from smoking for 24 hours before the CEUS examination. In the patients with CTS, the severity of the electrophysiologic measurements was graded by the classification of Padua et al 13 extreme in 1 patient, severe in 5 patients, and moderate in 6 patients.
Evaluation of the Patients With CTS
All 12 patients with CTS underwent carpal tunnel release surgery through 2 small incisions proximal and distal to the carpal tunnel. The transverse carpal ligament was released on the ulnar side of the carpal tunnel. Complete decompression of the median nerve was confirmed. Neurolysis was not performed. These patients were evaluated preoperatively and at 1, 2, and 3 months postoperatively. Pain was evaluated on a visual analog scale (0-100). Cutaneous sensation was measured by 2 hand surgeons (M.M. and Y.M.) using the SemmesWeinstein monofilament test (nylon monofilament set from Sakai Medical Co, Ltd, Tokyo, Japan) based on international criteria. The muscle strength of the abductor pollicis brevis was measured by the same 2 surgeons using the Medical Research Council scale graded as 0 to 5. Subjective symptoms were evaluated by the Japanese Society for Surgery of the Hand version of the Carpal Tunnel Syndrome Instrument and the Disabilities of the Arm, Shoulder, and Hand questionnaire. 14, 15 Nerve conduction studies were performed with a Neuropack 230B device (Nihon Kohden, Tokyo, Japan). The active electrode was located over the abductor pollicis brevis muscle to record compound muscle action potentials. The median nerves were stimulated supramaximally with a distance of 6 cm from the wrist to the active electrode. All participants also underwent a neurophysiologic examination of their ulnar nerves, which confirmed normal ulnar nerve conduction.
Contrast-Enhanced US and Time-Intensity Curve Analysis All US examinations were performed by a single certified sonographer (K.I.). Sonograms were collected on a US unit (Aplio 500, Toshiba Medical Systems Corp, Tochigi, Japan) with an 8.0-MHz center frequency (bandwidth, 5-12 MHz) linear transducer (PLT-805AT), and contrast harmonic imaging (referred to commercially as advanced pulse subtraction) with a reception frequency of 5.5 MHz was used. The mechanical index was set at 0.25 to 0.26 as previously reported. 11, 12 Before the CEUS examination, the crosssectional area was calculated on B-mode images as previously reported. 16 Sagittal views of the median nerve were obtained at the midpoint between the scaphoid tubercle-pisiform line and the hook of the hamate. Bmode images were obtained initially to confirm optimum visualization of the median nerve ( Figure 1A ). An intravenous catheter was placed in the left arm of each volunteer and in the arm of the unoperated or lesssevere hand of each patient. A microbubble contrast agent (Sonazoid; GE Healthcare, Waukesha, WI) was intravenously injected as a 0.015-mL/kg/body bolus via a 22-gauge needle and was followed by a 10-mL saline flush. All procedures were performed by a single physician (M.M.). The CEUS images were recorded for 80 seconds after injection of the contrast medium ( Figure 1B) .
A time-intensity curve analysis was performed using raw data from the entire duration of the examinations with time curve analysis software. Oval regions of interest (ROIs) with a size of 2.26 6 1.41 mm were used for the median nerve proximal to the carpal tunnel and with a size of 3.65 6 0.56 mm in the subsynovial connective tissue. In this machine, the ROI in of the CEUS mode moves together with that of the B-mode. The ROIs of the subsynovial connective tissue were correctly set in the flexor tenosynovium between the median nerve and the flexor tendon proximal to the carpal tunnel by using double monitoring of the high-resolution B-mode and CEUS mode ( average from the first approximately 18 seconds. The high reproducibility of CEUS confirmed by previous data allowed us to examine the blood flow proximal to the carpal tunnel in patients with CTS. 11 
Statistical Analysis
All data are presented as means and standard deviations. For the neurophysiologic data and the CEUS data, significance was determined by the Tukey multiplecomparison test. The Pearson correlation coefficient was used to identify correlations between the clinical and CEUS data. P < .05 was considered significant.
Results
The 10 young volunteers included 5 women and 5 men with a mean age of 32 years (range, 26-42 years). The 5 older volunteers included 3 women and 2 men with a mean age of 60 years (range, 51-73 years). The 12 patients with CTS included 10 women and 2 men with a mean age of 60 years (range, 49-80 years).
Blood Flow in the Subsynovial Connective Tissue in Asymptomatic Volunteers and Patients With CTS
All data for asymptomatic volunteers are shown in Table 1 and those for patients with CTS in Table 2 . In the healthy volunteers, acoustic unit values were low in the subsynovial connective tissue proximal to the carpal tunnel ( Figure 2 ). There was no significant difference in the acoustic unit values for the blood flow between the young and older control groups. By contrast, acoustic unit values were significantly higher in the CTS group than in the control group (young versus CTS, P 5 .02; older versus CTS, P 5 .02).
Correlation Between Clinical Findings and Blood Flow in Patients With CTS
There was a significant correlation in the blood flow between the subsynovial connective tissue and the median nerve in the patients with CTS (P 5 .01; Figure  3 ). There was no correlation between clinical data and the blood flow in the subsynovial connective tissue.
Changes in Blood Flow Before and After Carpal Tunnel Release Blood flow in both the subsynovial connective tissue and the median nerve proximal to the carpal tunnel increased significantly after carpal tunnel release. Blood flow in the subsynovial connective tissue reached its peak at 2 months postoperatively and then decreased (preoperative versus 2 months postoperative, P 5 .047). The increase in blood flow in the median nerve continued until at least 3 months postoperatively (preoperative versus 3 months postoperative, P 5 .03; Table 3 and Figure 4 ).
Discussion
The most notable finding of this investigation was that CEUS showed that blood flow in the subsynovial connective tissue proximal to the carpal tunnel was significantly higher in the patients with CTS than in healthy volunteers. We found a significant correlation in blood flow between the subsynovial connective tissue and the median nerve in the patients with CTS. Another important finding was the significant increases in blood flow in both the subsynovial connective tissue and the median nerve after carpal tunnel release in the patients with CTS. Because qualitative alterations in the subsynovial connective tissue have recently been emphasized in patients with CTS, 3, 4 these findings relating to the blood flow in the subsynovial connective tissue may be important in the pathophysiologic mechanisms of CTS and recovery after surgery. Ultrasonography has been commonly used for examining CTS, 16, 17 and analyses of the morphologic and functional changes in the subsynovial connective tissue in patients with CTS using high-resolution US has been reported. 7, 18 However, to our knowledge, there has been no report concerning blood flow in the subsynovial connective tissue. It is important to evaluate the microcirculation around the carpal tunnel when studying the pathophysiologic mechanisms of CTS because transient ischemia is thought to affect the occurrence of CTS. 3, 4 Although blood flow within the median nerve has been evaluated by color Doppler US in patients with CTS, 19, 20 it is difficult to detect low-volume blood flow in the subsynovial connective tissue by using conventional methods. Although Evans et al 21 reported reliable and valid techniques using CEUS for measuring vascularity associated with nerve disorders in animal models, we have recently demonstrated the high reproducibility of CEUS of the microcirculation in humans 11 ; in this study, we evaluated the blood flow in the subsynovial connective tissue proximal to the carpal tunnel for the first time.
The noninflammatory fibrosis and thickening of the subsynovial connective tissue caused by excessive shear stress on the subsynovial connective tissue appear to be among the most important factors in the pathophysiologic mechanisms of CTS. 3, 5, 18 The histologic findings for subsynovial connective tissue in the patients with CTS showed pathologic changes, including vascular proliferation, vascular hypertrophy, and vascular obstruction with wall thickening. This study showed an increase in blood flow in the subsynovial connective tissue and a significant correlation in blood flow between the subsynovial connective tissue and the median nerve in the patients with CTS. There was wide variation in the blood flow in the subsynovial connective tissue in the patients with CTS (Table 2) , possibly because the condition of the subsynovial connective tissue varies depending on the phase of CTS. Our results suggest that increased blood flow in the subsynovial connective tissue may play a role in the alteration of the microcirculation within the median nerve related to the pathophysiologic mechanisms of CTS. Although a recent study reported that increased vascularization of the subsynovial connective tissue was associated with the patient's functional status, 22 we believe that CEUS has the potential to provide real-time visualization of the pathologic vascularization of the subsynovial connective tissue in patients with CTS both before and after surgery.
To our knowledge, no study has reported on the postoperative blood flow changes within and around the median nerve in the carpal tunnel of patients with CTS. (24) 18 (20) 13 ( In this study, we found that blood flow in the subsynovial connective tissue increased significantly up to 2 months postoperatively. These results are similar to those reported for postoperative alterations in the synovial tissue around the rotator cuff. 9 Synovial tissue is thought to play an important role in the healing of injured tissue. 9, 23 We believe that the increase in blood flow in the subsynovial connective tissue during the early postoperative period may contribute to the changes in intraneural circulation and that these changes lead to neural recovery. Indeed, an increase in intraneural blood flow is considered essential for recovery of nerve functionality. 24, 25 We speculate that the increased blood flow in the median nerve after surgery played an important role in the process of neural healing of CTS after surgery. This process of recovery was continuing 3 months postoperatively, as shown by the increase in the blood flow within the nerve. We could not show a relationship between blood flow and neural recovery because most patients had such good recovery after surgery. Further studies are needed to confirm whether there is a relationship between the microcirculation around the carpal tunnel and neural recovery.
Our study had a number of limitations. First, it was a longitudinal study of a small cohort, and the CTS group included patients with a range of disease severity. In addition, smoking possibly affects peripheral microcirculation, although the 2 smokers were barred from smoking for at least 24 hours before the CEUS examination. Therefore, it was difficult to perform multiple significance testing. Second, blood flow in the subsynovial connective tissue and the median nerve was evaluated only by a 2-dimensional CEUS analysis, and the results did not include the complete distribution of intraneural signals. Third, the enhancement pattern of blood flow just within and distal to the carpal tunnel could not be evaluated because of the artifacts and attenuation of CEUS. Although some basic studies have reported that microcirculatory changes proximal to the injured site are important for sites subjected to direct influence, 26 the entire blood flow surrounding the carpal tunnel should be evaluated by other methods. Fourth, the position of the ROI could affect the results because various pathologic conditions may be present within both the subsynovial connective tissue and the median nerve within these enlarged tissues. Fifth, the period of only 3 months was too short to evaluate the full neural healing process. Finally, the assessors could not be blinded after surgery.
In conclusion, in this study, CEUS showed that blood flow in the subsynovial connective tissue proximal to the carpal tunnel was significantly higher in patients with CTS than in healthy volunteers. We found a significant correlation in blood flow between the subsynovial connective tissue and the median nerve in the patients with CTS. The increased blood flow in the subsynovial connective tissue may play a role in the alteration of the microcirculation within the median nerve related to the pathophysiologic mechanisms of CTS. Another important finding was the significant increases in blood flow in both the subsynovial connective tissue and the median nerve after carpal tunnel release in the patients with CTS. The increase in the blood flow in the subsynovial connective tissue during the early postoperative period may contribute to the changes in intraneural circulation, and these changes may lead to neural recovery.
